Single-and double-diode models
The current-voltage characteristic of an ideal rectifying junction can be described by a simple equivalent circuit comprising a single diode (Fig. S1a) . The single-diode model assumes that the ideality factor is constant throughout the whole potential range. At high forward voltages when the recombination in the neutral region and on the surface dominate, the ideality factor (n) is close to 1. At lower forward voltages, the recombination is dominated by the recombination in the space-charge layer and n is typically 2. The recombination in the space-charge region can be modeled by adding a second diode in parallel with the first in the equivalent circuit (Fig. S1b) . Two diodes are connected in parallel in the equivalent circuit because the electronic transport in a rectifying junction is a superposition of two processes, namely diffusion/thermionic emission and recombination occurring simultaneously under forward bias.
Figure S1 Equivalent circuits of (a) single-diode model and (b) double-diode model in the dark. R p is the parallel resistance, R s is the series resistance, D 1 is the first diode, D 2 is the second diode and I is the current. Current-voltage characteristics of n-Si/SiO x /Al 2 O 3 /'metal'; (c) with Co, and (b) with Pt metal contacts. The ideal current-potential curves that exclude the generation-recombination in the space-charge region with no series and parallel resistance effects are shown as the dashed red lines.
The transport processes in a rectifying junction can be identified by examining the diode properties through the dark measurement of current-voltage (j-V ). Each region in the dark j-V curve ( Fig. S1c and d ) represents the dominant current mechanism under a certain range of applied bias: (i) generation-recombination in the space-charge region, (ii) thermionic emission, (iii) series resistance effect, and (iv) reverse leakage current due to generation and recombination and parallel resistance. Ideally, a straight line in the forward bias region is indicative of an exponential voltage dependence of current, and for a metal-insulatorsemiconductor junction (analogous to Schottky junction) the forward current is limited by the thermionic emission (process (ii), Fig. S1c and d) . If recombination exists in the spacecharge layer, the curve in the low forward bias region will deviate from linear because the recombination current in this low forward bias region will be appreciably higher than the thermionic emission current.
The current flow due to carrier recombination in the space-charge layer (process (i), Fig.  S1d ) is usually more important in devices with high barriers and can be observed in the low forward bias region of the dark j-V curve. Under high forward bias operation, the recombination current in the space-charge layer is negligible compared to the thermionic emission current. The recombination in the space-charge region is assumed to take place at the trap centers near the middle of the energy gap through capture processes, and is called the Shockley-Read-Hall recombination. [1] [2] [3] In the reverse bias region, the generation current is more dominant than the recombination current because all the excited carriers are swept out of the space-charge layer by a strong electric field (process (iv), Fig. S1c and d) .
For a system showing a nonlinearity in the forward bias region such as in Fig. S1d , the dark j-V curve can be more accurately fitted using the double-diode model (Eq. 2 in the main paper). For a rectifying junction with a small barrier height such as the system using Co contact (Fig. S1c) , the current due to generation and recombination in the spacecharge layer is extremely small in comparison to the current due to thermionic emission, and therefore recombination current cannot be distinguished from the thermionic emission current in the dark j-V curve. To avoid ambiguity, a system showing only a linear line in the forward bias region should be fitted with the single-diode model to account for contribution from the thermionic emission current only.
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Fit results of dark j-V curves Table S1 and S2 summarize the fit results of the dark j-V curves of the n-Si/SiO x /Al 2 O 3 /'metal' and n-Si/SiO x /'metal' systems, respectively. All variables in Table S1 and Table S2 were extracted from the dark j-V curves using either a single-diode model or a double-diode model, except for the n-Si/SiO x /Ti. Because of the extremely high leakage current and the j-V curve that resembles ohmic behavior, the contributions from n and the parallel resistance (R p ) to the resulting current are hardly distinguishable. Any n values can lead to an accurate fitting in exchange for a lower or a higher R p , but still results in the same j 0 .
In an attempt to obtain an accurate n for the n-Si/SiO x /Ti, we used an approach described by Cheung and Cheung. 4 The method is based on the following equation:
where j is the current density in the dark, V is the voltage, R s is the series resistance, ϕ b is the barrier height, k is the Boltzmann's constant (1.38 × 10 −23 m 2 kg s −2 K −1 ) and T is the temperature (293 K), q is the elementary charge (1.6 × 10 −19 C) and A * is the Richardson's constant (120 A cm −2 K −2 for Si). Differentiating Eq. S1 with respect to j, and arranging terms lead to:
Equation S2 should produce a straight line, thus a plot of dV /d (ln j) versus j will give rise to R s as the slope and nkT /q as the intercept of the y-axis. From the intercept between dV /d (ln j) and y-axis in Fig. S2 , n was obtained to be approximately 0.76 and from the linear fit of the slope, R s was found to be 2.42 Ω cm 2 , close to the value obtained from the fit result of the dark j-V curve in Table S2 . This method is also valid for other samples, and achieves identical values as those obtained from fitting the dark j-V. 
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Flat band potentials and barrier heights obtained from MottSchottky relationships
The barrier heights were independently determined by measuring the capacitance of the electrode using impedance spectroscopy. Impedance measurements were performed in a solid-state configuration by connecting the front metal contact to the back metal contact. Space-charge capacitances (C sc ) of the semiconductor were extracted by fitting the impedance with an equivalent electronic circuit consisting of a resistor (R series ) in a series connection with a parallel resistor (R par , to account for electron exchange between the semiconductor, insulator and metal), and a parallel capacitor (C par ), as shown in Fig. S3 . C par is a combination of series contributions that consists of the space-charge capacitance (C sc ) and the oxide capacitance (C ox ). 5
For interfacial oxide layers consisting of SiO x and Al 2 O 3 , C ox equals to the series capacitance of both oxides.
The capacitances of SiO x and Al 2 O 3 were estimated by the following relationships:
where ε 0 is the vacuum permittivity (8.85 × 10 −14 F cm −1 ), ε SiO x is the relative permittivity of SiO x and is assumed to be the same as SiO 2 (3.9), ε Al 2 O 3 is the relative permittivity of Al 2 O 3 (8), 6, 7 t SiO x is the thickness of the SiO x (1.8 nm) and t Al 2 O 3 is the thickness of the Al 2 O 3 (1 nm), as measured using ellipsometer. Assuming only the space-charge capacitance that varies with the changing potential, the reverse-bias dependence of the inverse square of the space-charge capacitance in the semiconductor (C −2 sc ) is given by the Mott-Schottky relationship:
where ε Si is the relative permittivity of Si (11.7), q is the elementary charge (1.6 × 10 −19 C), N d is the donor concentration in the semiconductor, V is the applied voltage, E fb is the flat band potential, k is the Boltzmann's constant (1.38 × 10 −23 m 2 kg s −2 K −1 ) and T is the temperature (293 K). E fb was determined by taking the value of the intercept between the extrapolated linear region of the C −2 sc with the x-axis in the Mott-Schottky (C −2 sc -V ) plot. The barrier heights were calculated using the following equation:
where V n is the difference between the potential of the conduction band edge and the Fermi level, and was obtained by using the following relationship:
The density of conduction band states (N c ) is given by:
where m * e is the effective mass of electron in c-Si (1.08 m 0 ) and h is the Planck's constant (6.63 × 10 −34 J s). Using the slope in the linear region of the Mott-Schottky plot (3.4 ± 0.1 × 10 14 F −2 cm 4 V −1 ) and Eq. S9 and Eq. S10, the N d was calculated to be 3.5 ± 0.1 × 10 16 cm −3 and the V n was calculated to be 0.17 eV. From the calculated N d , the resistivity of the n-type Si wafer was obtained to be 0.185 Ω cm, consistent with the range specified by the Si wafer supplier 0.1-0.3 Ω cm. Table S3 and S4 summarize the calculated flat band potentials and barrier heights of the n-Si/SiO x /Al 2 O 3 /'metal' and n-Si/SiO x /'metal' systems, respectively. 
Flat band potentials and barrier heights of MIS photoanodes using thin bimetal contacts
Impedance measurements of MIS photoandoes using thin bimetal contacts were performed electrochemically in an electrolyte solution containing a reversible, one-electron Fe(CN)
3−/4− 6 redox couple. Afterwards, all samples were subjected to contact with 1 M of potassium hydroxide (KOH) solution for at least 24 hours (i.e., aging process). Impedance measurements were then repeated to estimate the barrier heights of all photoanodes using MottSchottky analysis. The C sc , E fb and barrier heights were calculated using Eq. S3-S10. Figure S5a -c show the C −2 sc -V plots of n-Si/SiO x /Al 2 O 3 /'inner metal' (2 nm)/Ni (4 nm) and n-Si/SiO x /'inner metal' (2 nm)/Ni (4 nm) photoanodes, before and after aging process. Table S5 and S6 summarize the flat band potentials and the calculated barrier heights of the n-Si/SiO x /Al 2 O 3 /'inner metal' (2 nm)/Ni (4 nm) and the n-Si/SiO x /'inner metal' (2 nm)/Ni (4 nm), respectively. Table S7 and S8 summarize the photovoltages of the photoanodes obtained both from the current onset potential difference between the photoanode and the non-photoactive electrode (i.e., p + -Si/SiO x /Ni), and from the electrochemical OCP measurements in the dark and under illumination. Figure 9a indicates that the barrier height decreases with increasing Al 2 O 3 thickness. In particular, increasing the oxide thickness will reduce the oxide capacitance. For a system comprising multiple oxides, it is more convenient to use the equivalent oxide thickness (EOT) to represent the total oxide thickness. The introduction of EOT is particularly important S14 because two different oxides with different dielectric permittivities are combined. The EOT of a high-k dielectric can be calculated by the following relationship: 8 EOT = t high-k ε SiO 2 ε high-k
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So the total EOT of SiO x /Al 2 O 3 layers is equal to the sum of the SiO x thickness and the EOT Al 2 O 3 . Recalling Eq. S8, the barrier height is proportional to the flat band potential (E fb ). The correlation between the flat band potential, EOT and the oxide capacitance C ox is given by: [9] [10] [11] 
where Φ ms is the workfunction difference between the metal and the semiconductor, Q interface is the areal charge density at the Si/oxide interface (in cm −2 ) and Q bulk is the volumetric charge density in the high-k layer (in cm −3 ). The areal charge density at the Si interface is usually described as the fixed charge. Neglecting charges in the ultrathin SiO x layer, 12,13 the Q interface is equal to the fixed charge of the high-k, and in this particular case is the fixed charge of the Al 2 O 3 (Q f, Al 2 O 3 ). Figure S9b shows the E fb as a function of the EOT. According to Eq. S12, the presence of Q bulk will give parabolic dependence between the E fb and the EOT. From the fit results of the parabolic curves in Figure S9b , the Al 2 O 3 has a negative fixed charge of −2.7 ± 0.1 × 10 12 cm −2 , consistent with the value reported by literatures. [14] [15] [16] The calculated Q bulk is 4.5 ± 0.3 × 10 18 cm −3 . The opposite charges between the Q f, Al 2 O 3 and theQ bulk, Al 2 O 3 has also been experimentally observed by other works, 10 and has been attributed to the dominant nature of tetrahedral AlO 4/2 − at the interface and the octahedral coordination of Al 3+ in the bulk. 17, 18 
